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Abstract
Autophagy is a housekeeping process that maintains 
cellular homeostasis through recycling of nutrients 
and degradation of damaged or aged cytoplasmic 
constituents. Over the past several years, accumulat-
ing evidence has suggested that autophagy can func-
tion as an intracellular innate defense pathway in re-
sponse to infection with a variety of bacteria and 
viruses. Autophagy plays a role as a specialized im-
munologic effector and regulates innate immunity to 
exert antimicrobial defense mechanisms. Numerous 
bacterial pathogens have developed the ability to in-
vade host cells or to subvert host autophagy to estab-
lish a persistent infection. In this review, we have sum-
marized the recent advances in our understanding of 
the  interaction  between  antibacterial  autophagy 
(xenophagy) and different bacterial pathogens.
Keywords: autophagy; cytokines; immunity, Innate; 
infection; reactive oxygen species 
Introduction
During macroautophagy (herein referred to as au-
tophagy), cytoplasmic contents can be seques-
tered in a unique double-membrane structure, the 
autophagosome. Through autophagy, cytoplasmic 
cargo in autophagosomes can be degraded by fu-
sion of autophagosomes and lysosomes, and acti-
vation of the lysosomal degradation pathway (Levine 
and Deretic, 2007). In addition to degradation of 
damaged organelles or materials, autophagy has 
received attention as a crucial component of innate 
defense against a variety of infectious agents. 
Autophagy of foreign micro-organisms, i.e., xen-
ophagy, has emerged as a powerful method of 
eliminating intracellular bacteria (Gutierrez et al., 
2004; Nakagawa et al., 2004). However, there is a 
complex interplay between host autophagy mecha-
nisms and pathogens. Numerous microorganisms 
have evolved strategies to evade or subvert host 
autophagy to survive and establish a persistent in-
fection (Campoy and Colombo, 2009b; Orvedahl 
and Levine, 2009). Thus, identification of mecha-
nisms or virulence factors exploiting autophagy 
may provide a new strategy for therapeutic inter-
vention in infectious diseases. 
     Host defense against pathogens requires coor-
dination of multiple innate immune signaling path-
ways (Jo et al., 2007). During infection, host cells 
recognize the pathogen-associated molecular pat-
terns of a variety of microbes through the ex-
pression of various pattern recognition receptors. 
The recognition of foreign or danger molecules by 
innate receptors can trigger an intracellular signal-
ing cascade, leading to activation of antimicrobial 
effector mechanisms to promote clearance of the 
infection (Jo et al., 2007; Brodsky and Medzhitov, 
2009). Autophagy is considered to be one of the 
effector mechanisms downstream of these re-
ceptors, and plays an integral role in both innate 
and adaptive immunity to various pathogens 
(Orvedahl and Levine, 2009).
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naling molecules and effectors (Brodsky and 
Medzhitov, 2009; Shahnazari and Brumell, 2011). 
Through these interactions, autophagy carries out 
not only direct microbial degradation but also other 
protective mechanisms, such as lysozyme secretion, 
the ubiquitin-mediated pathway, and antigen pre-
sentation (Brodsky and Medzhitov, 2009; Shahnazari 
and Brumell, 2011). In particular, the autophagic or 
cargo receptors have received much attention, 
since they play an important role in transporting 
ubiquitinated microbial cargos to the autophagy 
machinery (Pankiv et al., 2007; Ichimura et al., 
2008; Kirkin et al., 2009b; Thurston et al., 2009; 
von Muhlinen et al., 2010). 
     Recent  studies  have  provided  evidence  that 
autophagy acts as a ‘tuning module’ in the regulation 
of innate immunity to prevent excessive inflam-
matory responses and inflammasome signaling 
(Sumpter and Levine, 2010). Generation of reactive 
oxygen species (ROS) of cellular and mitochondrial 
origin is thought to play an important role in auto-
phagy regulation, thus influencing innate defense 
(Azad  et al., 2009; Scherz-Shouval and Elazar, 
2011).
     The specific role and regulatory mechanisms of 
autophagy in connection with innate immune 
pathways during infection will be discussed here. 
Additionally, the molecular mechanisms by which 
multiple bacteria and viruses evade and/or resist 
autophagy will be covered in this review. 
Xenophagy: autophagic control of 
intracellular bacterial pathogens 
Autophagy is a mechanism for adjusting cellular 
quality and quantity through capture and degradation 
of portions of the cytosol or organelles in response 
to diverse stress or stimuli, including infection 
(Deretic and Levine, 2009). Autophagy is a means 
of bulk degradation of cytoplasmic components 
within lysosomes. During this process, cytoplasmic 
constituents are delivered to lysosomes for degra-
dation (Mizushima and Levine, 2008). Although au-
tophagy is fundamentally a ‘self-eating’ process, it 
also facilitates degradation of pathogens as a 
‘xenophagy’ process (Huang and Brumell, 2009). 
     Accumulating evidence indicates that autophagy 
acts as a defense mechanism against multiple 
invading microbes (Deretic and Levine, 2009). During 
infection, host autophagic responses can target 
several steps of bacterial invasion. For example, 
autophagy can target bacteria within vacuolar mem-
branous compartments. Intracellular pathogens, such 
as  Mycobacterium tuberculosis ( M. tuberculosis), 
can actively survive within host cells and exploit 
host defense by inhibition of phagosomal maturation 
(Gutierrez et al., 2004; Yuk et al., 2009b). Auto-
phagy activation by nutrient starvation or rapamycin 
treatment leads to co-localization of mycobacterial 
phagosomes with autophagosomes to overcome 
the inhibition of phagosomal maturation by myco-
bacteria, thereby resulting in suppression of intra-
cellular bacterial survival (Gutierrez et al., 2004; 
Yuk et al., 2009b). Stimulation of host autophagy 
by treatment with vitamin D significantly enhanced 
the antimicrobial responses against M. tuberculosis 
in human macrophages. This effect was mediated 
by cathelicidin, a peptide that is induced by vitamin 
D and promotes co-localization of bacterial pha-
gosomes and autophagosomes (Yuk et al., 2009b). 
These data suggest that autophagy contributes to 
elimination of bacteria by overcoming bacterial 
resistance to lysosomal access. 
     Another example is group A Streptococcus (GAS). 
When GAS enters epithelial cells via endocytosis, 
they can escape from the endosomes to the 
cytoplasm by secretion of streptolysin O, a pore- 
forming toxin (Nakagawa et al., 2004). GAS is then 
trapped in autophagosome-like compartments, which 
mature into autolysosomes and so eliminate the 
bacteria (Nakagawa et al., 2004). Mechanistically, 
the host small G proteins, Rab5 and Rab7, are 
associated with autophagosome formation and the 
progression of endosome maturation in cells infected 
with GAS (Sakurai et al., 2010). Two endocytic 
soluble N-ethylmaleimide-sensitive factor attachment 
protein receptors, VAMP8 from lysosomes and 
Vti1b from autophagic compartments, are required 
for the successful fusion of GAS-containing 
xenophagosomes with lysosomes, which facilitates 
xenophagy (Furuta et al., 2010).
     The  third  mode  of  anti-bacterial  action  of  au-
tophagy is receptor-mediated recruitment of bac-
teria to autophagosomes. Some populations of 
Salmonella enterica serovar Typhimurium (S. 
Typhimurium) are known to invade mammalian 
cells and replicate in Salmonella-containing va-
cuoles (SCVs). During this process, two kinds of 
Salmonella pathogenicity island (SPI) encoding 
type III secretion systems (T3SSs) are involved: 
the SPI-2 encoded T3SS facilitates bacterial growth, 
whereas the SPI-1 encoded T3SS causes damage 
to SCV (Birmingham et al., 2006), which activates 
the autophagic process. The autophagy system 
targets the intracellular bacteria present within 
damaged SCVs, and contributes to restriction of 
bacterial growth during infection (Birmingham et 
al., 2006). The autophagy receptor p62/SQSTM1, 
an adaptor protein for degradation of cargo tagged 
with ubiquitinated protein, is recruited to autoph-
agy-targeted S. Typhimurium and required for the Autophagy in infectious diseases    101
restriction of intracellular bacterial replication 
through induction of efficient antibacterial autoph-
agy (Zheng et al., 2009). The autophagy receptor 
NDP52 can also target distinct compartments in 
cells infected with Salmonella, and is required for 
autophagy activation (Cemma et al., 2011). These 
data suggest that xenophagy is required for effi-
cient targeting and killing of cytosolic pathogens. 
The post-translational modification (ubiquitination) 
of intracellular pathogens and the roles of cargo re-
ceptors will be discussed in detail in the latter part 
of this review.
Cross-talk of autophagy with innate 
immune signaling pathways
Apart from its initial description, which is that 
autophagy is a response to amino acid deprivation, 
to recycle cytoplasmic constituents and synthesize 
energy for cell survival under stressful/starved 
conditions, autophagy is also being recognized as 
an innate immune process that is activated upon 
recognition of microbial infection (Brodsky and 
Medzhitov, 2009; Shahnazari and Brumell, 2011). 
Bacteria and viruses possess molecules termed 
‘pathogen associated molecular patterns’ (PAMPs) 
that bind to pattern-recognition receptors such as 
toll-like receptors (TLRs) on innate immune cells. 
Ligation of TLRs with PAMPs is known to activate 
innate immune cells and subsequently facilitate 
adaptive immune responses. So far, 10 TLRs in 
humans and 12 in mice have been identified. On 
the basis of subcellular localization, TLRs can be 
divided into extracellular and intracellular receptors: 
TLR1, 2, 4, 5, 6, and 10 are located on the cell 
surface. In contrast, TLR3, 7, 8, and 9 are expressed 
in intracellular endosomal/lysosomal compartments 
and the endoplasmic reticulum (Manavalan et al., 
2011). Bacterial PAMPs are recognized by five 
TLRs in humans: lipopolysaccharide (LPS) is the 
main ligand of Gram-negative bacteria for TLR4; 
lipotechoic acid and diacylated lipopeptides are 
sensed by TLR2/6; triacylated lipopeptides are 
sensed by TLR2/1; CpG motifs are sensed by 
TLR9; and flagellin is sensed by TLR5 (Takeuchi 
and Akira, 2010). Interestingly, stimulation of TLR2, 
4, and 7 with their ligands can stimulate autophagy, 
which functions to eliminate intracellular mycobacteria 
(Xu et al., 2007; Shi and Kehrl, 2008; Delgado and 
Deretic, 2009; Shin et al., 2010b). Thus, TLR 
responses, which are well-known immune-activating 
signals, can also directly activate autophagy 
resulting in killing of invading bacteria. 
     In TLR signaling, several TIR domain-containing 
adaptor molecules, such as MyD88, TIRAP, and 
TRIF, lie downstream of TLR and deliver activation 
signals. (Takeda and Akira, 2004). Upon stimulation 
of TLR4 with LPS, MyD88, TRIF, and tumor necrosis 
factor receptor (TNFR)-associated factor 6 (TRAF6), 
associate with ubiquitinated autophagy-related pro-
tein (Atg)6/Beclin-1, which results in activation of 
autophagy (Shi and Kehrl, 2010). The roles of 
further downstream signaling molecules of the TLR 
signaling pathway in the regulation of autophagy 
remain to be determined. Among them, the role of 
nuclear factor (NF)-κB, an important downstream 
mediator of TLR signaling (Takeda and Akira, 
2004), in autophagy is still being debated. Although 
the NF-κB signaling pathway inhibits the autophagy 
pathways in tumor cells (Djavaheri-Mergny et al., 
2006) and keratinocytes (Lee et al., 2011), this has 
not been confirmed in primary innate cells, such as 
macrophages or dendritic cells. Mitogen-activated 
protein kinase signaling pathways may play a role in 
autophagy, since they are important in the activation 
of innate immune signaling during bacterial infection 
(Jo  et al., 2007). The stress-activated signaling 
molecule, c-Jun N-terminal protein kinase 1 (JNK1), 
pathway has been known to activate starvation- or 
ceramide-induced autophagy through Bcl-2 phos-
phorylation and subsequent dissociation of Bcl-2 
from Beclin-1 (Wei et al., 2008; Pattingre et al., 
2009). More comprehensive data are necessary to 
gain a complete understanding of the roles and 
regulatory mechanisms of signaling modules in 
antibacterial autophagic activation. 
     Stimulation of other pattern recognition receptors, 
including the cytosolic receptor NOD2, regulates 
autophagy. NOD2 receptor recognition by mura-
myldipeptide induces autophagy in dendritic cells 
through receptor-interacting serine-threonine kinase- 
2, ATG5, ATG7 and ATG16L1 (Cooney et al., 2010). 
Notably, NOD2-induced autophagy activation is 
required for both direct antimicrobial activities and 
antigen presentation to T cells via MHC class II 
antigen to induce adequate CD4+ T cell responses 
(Cooney et al., 2010). These studies suggest that 
specific PAMP recognition through membrane and 
cytosolic innate receptors can regulate innate and 
adaptive immune responses through autophagy 
activation. 
Immune effectors and autophagy 
regulation: cytokines, IRG proteins (p47 
GTPases), and cathelicidins
Numerous cytokines and chemokines, such as 
interleukin (IL)-12, IL-23, IL-17, interferon (IFN)-α, 
IFN-β, IFN-γ, IL-10, IL-27, IL-6, TNF, lymphotoxin, 
and IL-1 family cytokines, are produced by innate 102    Exp. Mol. Med. Vol. 44(2), 99-108, 2012
Figure 1. The role of autophagy in 
control of innate immunity and the 
survival mechanisms of intracellular 
bacteria. Various intracellular bac-
teria are internalized by phagocytes; 
these survive in the cytosol or phag-
osome through various strategies. 
(1) First, some bacteria are able to 
escape from the phagosome by se-
creting factors and replicating in the 
host cytoplasm (left panel). When 
autophagy is induced, Listeria mon-
ocytogenes and Rickettsia  conorii 
present in the cytoplasm are cap-
tured by the autophagosomal mem-
brane and degraded by the autoly-
sosome; however, Shigella flexneri
has the ability to avoid import into 
the autophagosome. (2) Second, 
some bacteria reside in the phag-
osomal compartment (right panel). 
Upon autophagy activation, phag-
osomes containing Mycobacterium 
tuberculosis are caught by the auto-
phagic vacuole and then degraded 
by fusion with the lysosome. In con-
trast, Brucella abortus and Legionella
pneumophila can inhibit autophago-
some maturation through inhibition 
of lysosome fusion, allowing the 
pathogen to survive and replicate.
immune cells during bacterial infection (Cooper et 
al., 2011; Deretic, 2011). Notably, several cytokines 
are key regulators of autophagy pathways (Deretic 
2009). For example, the Th1 cytokine IFN-γ is 
essential for host defense against intracellular 
pathogens. IFN-γ can overcome the blocking of 
phagosomal maturation induced by M. tuberculosis 
through autophagy activation (Gutierrez et al., 
2004; Harris et al., 2009). In contrast, the T helper 
(Th) 2 cytokines IL-4 and IL-13 contribute to 
inhibition of autophagy and autophagy-mediated 
suppression of mycobacteria in macrophages (Harris 
et al., 2007).
     The  mechanisms  by  which  IFN-γ activates 
autophagy are: IFN-γ activates several anti-bacterial 
proteins involved in autophagy, such as IRG (p47 
GTPases) and the 65-kilodalton (kD) guanylate- 
binding protein (Gbp) gene family members (Gbp1, 
Gbp6, Gbp7, and Gbp10). The IRG proteins (p47 
GTPases), transcription of which is induced by 
IFN-γ stimulation, play an essential role in the 
elimination of intracellular pathogens in mice 
(Deretic, 2009). Murine IRG proteins are involved 
in innate defense against M. tuberculosis and 
Toxoplasma gondii (Gutierrez et al., 2004; Ling et 
al., 2006). Although the single human IRG member, 
IRGM, is not induced by IFN-γ, it is essential for 
induction of autophagy in response to intracellular 
bacterial infection (Singh et al., 2006). Moreover, 
recent studies have revealed that the Gbp gene 
family members (Gbp1, Gbp6, Gbp7, and Gbp10) 
are involved in oxidase-dependent killing and 
autophagy pathways in phagocytes to combat listerial 
or mycobacterial infection. Thus, 65-kD Gbps 
function to coordinate a potent oxidative and 
vesicular trafficking program to protect the host 
from infection (Kim et al., 2011). Reciprocally, 
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pathways and inflammatory responses, suggesting 
a link between autophagy and cellular inflammation 
(Chang et al., 2010). 
     Antimicrobial peptides are major components of 
the bactericidal machinery of mammalian phagocytes, 
and play an important role as innate effectors 
during bacterial and viral infections (Cederlund et 
al., 2011). Of the antimicrobial peptides, cathelicidins 
exert antimicrobial activities against mycobacteria 
(Liu et al., 2006; Yang et al., 2009; Sonawane et 
al., 2011). Interestingly, vitamin D activates anti- 
mycobacterial autophagy through induction of 
cathelicidin, which contributes to the promoter 
activation of the autophagy-related genes Atg5 and 
Beclin-1, as well as co-localization of bacterial 
phagosomes and autophagosomes (Yuk et al., 
2009b). Future studies are necessary to fully 
elucidate the roles of the numerous antimicrobial 
peptides in the context of autophagy activation 
leading to collaboration with innate immunity. 
Bacterial tactics to modulate host 
autophagy
Intracellular bacterial pathogens have developed 
multiple strategies for exploiting or hijacking eu-
karyotic functions in order to survive and multiply 
inside host cells (Knodler et al., 2001). Consistently, 
numerous pathogens antagonize the initiation and 
maturation of autophagic processes, evade auto-
phagic recognition, or hijack the autophagy pathway 
to facilitate intracellular survival or replication (Levine 
et al., 2011). 
     The various strategies used by bacterial patho-
gens are summarized in Figure 1. In this section, we 
will summarize two strategies by which bacterial 
pathogens can escape from or interact with auto-
phagic pathways: 1) physical escape from de-
gradative endocytic compartments and replication 
within the cytoplasm (Shigella, Listeria, Rickettsia); 
and 2) survival and replication within membrane- 
bound compartments (Mycobacteria,  Salmonella, 
Francisella, Legionella, Brucella, Chlamydia, Por-
phyromonas gingivalis). 
Bacterial escape into cytosol after breaking the host 
jail (bacterial endocytic compartments): Shigella, 
Rickettsia, M. marinum, and Listeria
Intracellular bacteria such as Shigella flexneri and 
Listeria monocytogenes can evade autophagic 
recognition, survive, and replicate in phagocytic 
and non-phagocytic cells by disrupting vacuoles 
and escaping into the cytoplasm (Ogawa et al., 
2005), and acquisition of actin-based motilities 
(Cossart, 2000), respectively. S. flexneri can block 
autophagic targeting through the secreted T3SS 
effector  icsB that competes with the autophagy 
protein Atg5 for binding to the S. flexneri surface 
protein VirG (Ogawa et al., 2005). Thus, icsB 
deletion mutants are not able to survive in host 
cells (Ogawa et al., 2005). When S. flexneri breaks 
the vacuolar membrane and escapes from the 
phagosome, the vacuolar membrane fragments 
are polyubiquitinated, and targeted to autophagic 
degradation through p62 accumulation on mem-
brane remnants (Dupont et al., 2009). 
     Rickettsia are Gram-negative obligate intracellular 
bacteria, and can be transmitted to humans via 
arthropod vectors (Azad and Beard, 1998). After 
infection, Rickettsia can escape from phagosomes 
into their eukaryotic host cytoplasm, where they 
replicate and infect adjacent cells (Silverman and 
Wisseman, 1979; Walker, 2007). Earlier studies 
reported that rickettsial infection of polymorphonuclear 
leukocytes results in autophagosome formation 
(Rikihisa, 1984). The detailed mechanisms by which 
Rickettsia are able to escape from autophagy 
machinery remain to be determined. Conversely, 
the host autophagy induced during rickettsial 
infection is recognized as an important defense 
mechanism against this invading pathogen (Walker, 
2007; Deretic, 2010). One report indicated that 
Rickettsia-induced proinflammatory cytokines led 
to increased activation of the autophagy that is 
required for bacterial inhibition (Walker et al., 
1997). 
     Mycobacterium marinum, a natural pathogen, 
and the closest relative of M. tuberculosis with a 
homology of 99.4% (Stamm and Brown, 2004), has 
been shown to escape from the phagosome and 
enter the cytosol via an ESX-1-dependent mechanism 
(Collins et al., 2009). In the cytosol, some M. marinum 
promote motility through actin polymerization, while 
non-motile bacteria are decorated by ubiquitin and 
sequestered in the host Lamp1-positive vesicular 
compartments by autophagosome-like double mem-
branes, formation of which is independent of Atg5 
(Collins et al., 2009). 
     L. monocytogenes can replicate in LAMP1-positive 
spacious Listeria-containing phagosomes (SLAPs), 
the formation of which is dependent on both the 
bacterial virulence toxin listeriolysin O and host 
autophagy (Birmingham et al., 2008). Interestingly, 
the listerial virulence factor actA triggers host 
protein recruitment and actin polymerization, which 
propels bacteria from one cell to another (Cossart, 
2000) and prevents autophagic recognition of 
bacteria within the cytosol (Yoshikawa et al., 2009). 
L. monocytogenes expressing-actA mutants that 
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are eventually ubiquitinated, and then recognized 
by the autophagy machinery through recruitment of 
p62 (also known as SQSTM1) and LC3 (Yoshikawa 
et al., 2009). Notably, L. monocytogenes expressing 
listeriolysin O, the pore-forming cytolysin, can escape 
into the cytosol, where L. monocytogenes can be 
targeted for antibacterial autophagy (Huang and 
Brumell, 2009). Moreover, L. monocytogenes utilizes 
several virulence mechanisms to escape from host 
autophagy and grow slowly in specialized niches 
such as SLAPs, which results in the promotion of 
bacterial replication and chronic infection (Birmingham 
et al., 2008; Huang and Brumell, 2009). Recent 
studies by Dortet et al. have shown that L. 
monocytogenes hijacks the host major vault 
protein through interaction with InIK, a listerial 
virulence factor, thus resulting in escape from 
autophagic recognition and intracellular survival 
(Dortet et al., 2011). 
Bacterial survival and replication inside the 
pathogen-containing compartments: Mycobacteria, 
Legionella, Porphyromonas, Coxiella, and Brucella
M. tuberculosis is an enormously successful 
intracellular pathogen that causes tuberculosis. M. 
tuberculosis is one of the best examples of 
bacterial survival and replication inside host 
phagocytes through escape from host immune 
pathways (Jo, 2010). M. tuberculosis can achieve 
persistent infection within the hostile environment 
of the macrophage through rapid transcriptional 
responses that counteract host immune processes, 
such as antigen presentation and pro-inflammatory 
cytokine secretion (Huynh et al., 2011). Arrest of 
phagosomal maturation into a phagolysosome by 
M. tuberculosis is a central pathway to overcome 
host defense and provides these bacteria with a 
strategy for survival in host cells (Chua et al., 2004; 
Huynh et al., 2011). Autophagy pathway activation 
induced by starvation, inhibition of mTOR pathways, 
vitamin D, and interferon-γ contributes to the elimi-
nation of intracellular M. tuberculosis and phago-
somal maturation (Gutierrez et al., 2004; Jo, 2010; 
Deretic, 2011). A genome-wide siRNA screening 
identified host factors that regulate intracellular 
survival of M. tuberculosis (Kumar et al., 2010). 
Importantly, the core host cell factors are found to 
be predominantly involved in the regulation of the 
autophagy process (Kumar et al., 2010). Recent 
studies showed that the M. tuberculosis eis gene 
negatively modulates host cell autophagy through 
ROS-dependent mechanisms (Shin et al., 2010a). 
     Early  activation  of  the  autophagy  response 
seems to be crucial for restriction of Legionella 
pneumophila, an intracellular bacterial pathogen 
responsible for an acute form of pneumonia, 
Legionnaire’s disease (Dubuisson and Swanson, 
2006). Like M. tuberculosis, Legionella can escape 
from phagolysosome fusion, and perturb and delay 
the maturation of autophagosomes into autolyso-
somes (Campoy and Colombo, 2009a; Joshi and 
Swanson, 2011). Various pathogens such as 
Porphyromonas gingivalis,  Coxiella  burnetii and 
Brucella abortus use an autophagic transit strategy 
during infection. These bacteria take some advantage 
of the autophagic pathway, in terms of intracellular 
survival and replication (Campoy and Colombo, 
2009a). Similarly, the facultative intracellular pathogen 
Francisella  tularensis uses a strategy to delay 
progression along the autophagic pathway, re- 
enter the endocytic pathway after cytoplasmic 
replication, and even hijack lysosome exocytosis to 
exit cells (Checroun et al., 2006; Joshi and 
Swanson, 2011). Future studies will elucidate more 
detail of the mechanisms by which bacteria interact 
with host autophagy pathways, which will shed 
light not only on bacterial pathogenesis at the 
molecular level but also assist in the development 
of new therapeutics against refractory chronic 
infectious diseases.
Cargo receptor and autophagic targeting to 
bacteria
Recent reports have suggested that the autophagy 
pathway involves selective recognition and 
degradation of the autophagic cargo (Johansen 
and Lamark, 2011). In selective autophagy, modifi-
cation of target proteins or intracellular bacteria 
with ubiquitin is necessary for its autophagic 
clearance (Kirkin et al., 2009b). Autophagy receptors 
including p62/SQSTM1 (sequestome 1), NBR1 
(neighbour of Brca1 gene) and NDP52 (nuclear dot 
protein 52 kDa) can simultaneously bind intracellular 
ubiquitinated cargos and the autophagy modifiers, 
such as microtubule-associated protein LC3 and 
γ-aminobutyric acid receptor-associated proteins 
(GABARAP) (Kirkin et al., 2009b; Kraft et al., 2010). 
Thus, autophagic receptors can mediate docking of 
ubiquitin-marked protein aggregates to the auto-
phagosomes to induce selective autophagic de-
gradation of ubiquitinated proteins, organelles, and 
intracellular bacteria (Kirkin et al., 2009a, 2009b; 
Thurston et al., 2009). 
     As  reviewed  above  and  elsewhere  (Sumpter 
and Levine, 2010), the cargo receptors p62 and 
NDP52 can target intracellular bacteria, such as S. 
typhimurium,  S. flexneri, and L. monocytogenes, 
by addition of a molecular tag (such as poly-
ubiquitin) to autophagic machinery (Thurston et al., Autophagy in infectious diseases    105
2009; Zheng et al., 2009). Recently, it has been 
shown that optineurin promotes the selective au-
tophagy of ubiquitin-coated cytosolic Salmonella 
enterica through phosphorylation of optineurin by 
protein kinase, TANK binding kinase 1 (Wild et al., 
2011). Additionally, an ubiquitin-independent pathway 
mediated by a lipid second messenger, diacylgly-
cerol, generated from SCV membranes, is essential 
for the initiation of autophagy against S. typhimurium 
(Shahnazari et al., 2010). Ogawa et al. (2011) re-
vealed that the Atg5 binding partner Tecpr1 (tecto-
nin domain-containing protein) is a cargo receptor 
for targeting bacterial pathogens to the selective 
autophagy system in Shigella-infected cells. There-
fore, several autophagy receptors, which may inter-
connect with other pathways or mechanisms involved 
in autophagy, contribute to the xenophagic elimi-
nation of cytosolic bacteria in mammalian cells. The 
mechanisms by which autophagy receptors acti-
vate host defenses against bacterial pathogens 
other than S. typhimurium remain to be determined.
ROS, keeping a balance between 
antibacterial autophagy and inflammation
Intracellular ROS, produced by incomplete reduction 
of oxygen, can oxidize and damage various macro-
molecules such as proteins, lipids, and DNA, and 
eventually cause cell death (Azad et al., 2009; 
Scherz-Shouval and Elazar, 2011). Accumulating 
evidence points to a key role for ROS as signaling 
messengers, including the initiation of autophagy 
and various intracellular processes (Azad et al., 
2009; Scherz-Shouval and Elazar, 2011). Several 
stimuli and stresses, including nutrient starvation, 
infection, and other pathological conditions, result 
in ROS generation (Azad et al., 2009). Cellular ROS 
is involved in innate immune signaling through the 
TLR-dependent ASK activation (Yuk et al., 2009a) 
and NADPH oxidase 2 pathways (Yang et al., 
2009). Recently, it was revealed that ROS of 
mitochondrial origin are a critical factor in the 
antibacterial response, mediated by interaction 
with TRAF6 and ECSIT (evolutionarily conserved 
signaling intermediate in Toll pathways), which are 
themselves involved in the mitochondrial respiratory 
chain assembly (West et al., 2011).
     Interestingly,  these  are  generally  accepted  as 
activating signals for autophagy in a variety of 
physiological and pathological settings (Azad et al., 
2009; Scherz-Shouval and Elazar, 2011). Notably, 
TLR signaling from phagosomes can lead to initiation 
of antibacterial autophagy through generation of 
NAPDH oxidase NOX2-dependent ROS (Huang 
and Brumell, 2009). Excessive ROS of cellular and 
mitochondrial origin is associated with activation of 
proinflammatory responses, autophagy, and cell 
death in macrophages infected with enhanced 
intracellular survival (eis)-deficient mycobacteria 
(Shin et al., 2010a). 
     In contrast, recent evidence suggests that auto-
phagy is also essential for prevention of excessive 
inflammation. Depletion of the autophagy proteins 
LC3B and beclin 1 significantly enhances NLRP3- 
dependent inflammasome activation and IL-1β and 
IL-18 levels, and increases susceptibility to LPS- 
induced septic shock in vivo (Nakahira et al., 2011). 
Intriguingly, in this case, mitochondrial ROS are 
also thought to be important for mediating inflam-
matory responses, even in the autophagy-deficient 
host (Nakahira et al., 2011). This effect was 
dependent on the release of mitochondrial DNA 
into the cytosol and increased mitochondrial ROS 
generation (Nakahira et al., 2011). Thus, it seems 
that coordinated interplay between autophagy acti-
vation and ROS-dependent signaling is necessary 
for the homeostatic regulation of innate defense 
and inflammation. 
Concluding remarks
Since the roles of autophagy have been revealed 
in host immune responses, a number of recent in 
vitro, in vivo, and molecular studies have provided 
evidence of selective autophagic degradation of 
bacteria and viruses (xenophagy). Moreover, rapid 
advances have been made in elucidating the 
mechanisms underlying the cell’s defensive response 
to intracellular bacteria. In this review we have 
emphasized that numerous bacterial pathogens 
possess multiple strategies for avoiding or circum-
venting host defense pathways to ensure their 
survival and replication within the host. Thus, it is 
not surprising that autophagy pathways cross talk 
with innate immunity to contribute to the combat of 
invading pathogens. Various immune effectors have 
been identified as cooperating with and regulating 
the autophagic responses against invading bacterial 
infection, although additional host factors and 
detailed mechanisms remain to be delineated. Here, 
we propose that the host autophagy system has 
evolved strategies to manipulate certain autophagic 
adaptors or cargo receptors to promote autophagy 
targeting to bacteria, proteins, and damaged 
organelles. Several important questions related to 
the extended and distinct roles of immune effectors 
or cargo receptors, i.e., whether they are involved 
in defense against specific pathogens or general 
microbial invaders, should be answered in future 
studies. Current and future revelations regarding 106    Exp. Mol. Med. Vol. 44(2), 99-108, 2012
the interplay between host autophagy and its 
evasion by microbial pathogens will provide oppor-
tunities for the development of novel antibacterial 
agents.
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